The activation of Janus kinases (JAKs) is crucial for propagation of the proliferative response initiated by many cytokines. The proliferation of various cell lines, particularly those of hematopoietic origin, is also modulated by mediators of oxidative stress such as nitric oxide and thiol redox reagents. Herein we demonstrate that nitric oxide and other thiol oxidants can inhibit the autokinase activity of rat JAK2 in vitro, presumably through oxidation of crucial dithiols to disulfides within JAK2. The reduced form of JAK2 is the most active form, and the oxidized JAK2 form is inactive. Nitric oxide pretreatment of quiescent Ba͞F3 cells also inhibits the interleukin 3-triggered in vivo activation of JAK2, a phenomenon that correlates with inhibited proliferation. Furthermore, we observed that the autokinase activity of JAK3 responds in a similar fashion to thiol redox reagents in vitro and to nitric oxide donors in vivo. We suggest that the thiol redox regulation of JAKs may partially explain the generally immunosuppressive effects of nitric oxide and of other thiol oxidants.
The proliferation of lymphoid cells is controlled at multiple levels by both independent and interdependent regulatory mechanisms. External signals such as cytokines and antigens may normally initiate a proliferative response through binding to cell surface receptors, but the ultimate outcome of the transduced signal can be substantially modulated, or even abrogated, by prevalent intracellular conditions. In recent years, a considerable body of evidence has accumulated that demonstrates that the balance of the oxidative and reductive potentials within the cell (cellular redox state) can have profound consequences on signal transduction pathways (1) . The proliferative response of lymphocytes to mitogens and cytokines is significantly impaired by thiol-oxidizing conditions (2) ; in many instances thiol oxidants can induce apoptosis (3, 4) . Because some of the reactive oxygen species, such as hydrogen peroxide, that have the potential to act as thiol oxidants also have the potential to damage DNA, it is tempting to speculate that an evolutionary advantage of such oxidationinduced apoptosis would be to prevent the propagation of genetic infidelity. Thiol reducing agents, which by themselves do not have a mitogenic effect, typically exert a costimulatory effect on mitogen-and cytokine-stimulated proliferation (2, 5, 6) . Nitric oxide (NO), which is produced in relatively large amounts by activated macrophages, also affects the ability of certain lymphoid cells to proliferate in response to cytokines (7) (8) (9) (10) (11) . NO also has been implicated in both tumor-induced (12) and malarial immunosuppression (13) .
Thiol redox regulation of lymphocyte proliferation may initially seem to be unrelated to the role of NO in immunosuppression, but in fact at least two common elements are shared by these two phenomena. (i) The first common element is the fundamental protein biochemistry. Thiol oxidants can oxidize vicinal dithiols (a pair of spatially proximal thiols) within proteins to the disulfide state, as can NO (14) (15) (16) (17) . (ii) Much of the literature describing both NO-mediated immunosuppression and thiol oxidant inhibition of proliferation describe the loss of lymphocyte proliferation, directly or indirectly, in response to cytokine stimulation (10, 11) . The activation of Janus kinases (JAKs) is a crucial event in the propagation of cytokine-induced proliferative and differentiation signals (18) . We therefore considered whether the thiol redox status of JAKs influenced the autokinase activity of the enzyme, which might thereby provide a mechanistic link between thiol redox biochemistry and physiology.
MATERIALS AND METHODS
Cell Culture. Sf21 insect cells were maintained in IPL-41 medium supplemented with 10% heat-inactivated fetal bovine serum, 0.1% pluronic F-68, 50 units of penicillin per ml, and 50 g of streptomycin per ml. Cells were infected at saturating multiplicities of infection with recombinant baculovirus expressing wild-type rat JAK2 (19) , then harvested 120 hr after infection, and stored at Ϫ80°C.
The Ba͞F3 cell line is a murine interleukin 3 (IL-3)-dependent pro-B cell line (20) . Normal Ba͞F3 cells or stably transfected interleukin 2 receptor ␤ chain (IL-2R␤)-expressing Ba͞F3 cells (21) were maintained in RPMI 1640 medium containing 10% heat-inactivated fetal bovine serum, 2 mM L-glutamine, 5 mM Hepes (pH 7.3), 50 units of penicillin per ml, 50 g of streptomycin per ml, and 5% WEHI-conditioned medium (as a source of IL-3).
The YT cell line is a human cell line that resembles natural killer cells (22) . YT cells were maintained in RPMI 1640 medium containing 10% heat-inactivated fetal bovine serum, 2 mM L-glutamine, 5 mM Hepes (pH 7.3), 50 units of penicillin per ml, and 50 g of streptomycin per ml.
Immunoprecipitation and Western Immunoblot Analysis. Cell pellets were solubilized by resuspension and incubation in 1 ml of lysis buffer [1% Triton X-100͞5 mM EDTA͞50 mM NaCl͞30 mM sodium pyrophosphate͞50 mM sodium fluoride͞0.2 mM sodium orthovanadate͞1 mM phenylmethylsulfonyl fluoride͞aprotinin (5 g͞ml)͞pepstatin A (1 g͞ml)͞ leupeptin (2 g͞ml)͞10 mM Tris⅐HCl, pH 7.6] for 1-2 hr at 4°C. Nuclei and insoluble material were removed by centrifugation for 10 min at 3,000 ϫ g. Insect cell lysates, but not YT or Ba͞F3 cell lysates, were preincubated with 0.1 vol of 10% protein A-Sepharose CL-4B (Pharmacia Biotech) for 1 hr at 4°C and centrifuged 15 min at 18,000 ϫ g, and clarified supernatants were transferred to new vials for immunoprecipitation. Samples were immunoprecipitated by a 2-hr incubation at 4°C with rabbit anti-mouse JAK2 antiserum (Upstate Biotechnology, product 06-255; used in Ba͞F3 and in baculoviral experiments), rabbit anti-mouse JAK3 antiserum (Upstate Biotechnology, product 06-342; used in Ba͞F3 experiments), or rabbit anti-human JAK3 [directed against the peptide derived from amino acids 1104-1124 of human JAK3 (23); used in YT experiments], followed by a 30-min incubation at 4°C with 0.1 vol of protein A-Sepharose CL-4B. The centrifugal pellet was washed three times with 1 ml of lysis buffer, before SDS͞PAGE and Western immunoblot analysis as described (19) .
Autokinase Assays. Immunoprecipitated enzymes were assayed for autokinase activity after redox pretreatment and after the removal of aliquots for anti-JAK2 and antiphosphotyrosine analyses. As described (19) , immunoprecipitates were resuspended with 100 l of kinase mixture [50 mM NaCl͞5 mM MgCl 2 ͞5 mM MnCl 2 ͞0.1 mM Na 3 VO 4 ͞carrier-free [␥-32 P]ATP (250 Ci͞ml; 1 Ci ϭ 37 GBq)͞10 mM Hepes, pH 7.4] and incubated 30 min at room temperature (21-22°C). One milliliter of lysis buffer was added to the sample, which was centrifuged 10 min, and the pellet was washed twice with 1 ml of lysis buffer before analysis by SDS͞PAGE and autoradiography.
Proliferation Assays. Quiescent Ba͞F3 cells were preincubated in IL-3-deficient medium containing various concentrations of DEA-NO (or diethylamine plus NaNO 2 , as a control), recovered, then distributed into microtiter wells containing or lacking IL-3 at 0.1 g͞ml, and assayed for proliferation (24) by measuring [ 3 H]thymidine incorporation 18 hr after stimulation.
Pretreatment of Intact Cells with a NO Donor. Quiescent Ba͞F3 cells were preincubated in IL-3-deficient medium with various concentrations of DEA-NO for 30 min at 37°C. Cells were recovered, stimulated with or without IL-3 at 1 g͞ml for 5 min at 37°C, and then analyzed for JAK content and JAK tyrosine phosphorylation status as described above.
␣-Lipoic acid and dihydrolipoic acid used in certain experiments were provided by Asta Medica, Frankfurt͞Main, Germany.
Direct Treatment of JAK2 Immunoprecipitates with NO. Baculovirally produced immunoprecipitated JAK2 was preincubated with 10 mM DTT to maximize autophosphorylation activity, suspended in dialysis bags in a gas scrubbing bottle, and then exposed directly to NO gas as described (16) . Dissolved oxygen was first depleted by sparging the buffer (150 mM NaCl͞5 mM EDTA͞20 mM Hepes, pH 7.4) with nitrogen gas, and then a control sample and a buffer aliquot were removed under nitrogen flow. NO gas was slowly bubbled through the buffer, and then samples and buffer aliquots were removed simultaneously under nitrogen flow. Additional NO gas was bubbled through the buffer, and subsequent samples and buffer aliquots were removed under nitrogen flow. Buffer aliquots were assayed (25) for nitrite content as an indicator of NO exposure, and JAK2 immunoprecipitates were divided into equal aliquots. The samples were incubated with or without 10 mM DTT and then assayed for autokinase activity as described above.
RESULTS
Pretreatment of baculovirally produced immunoprecipitated JAK2 (19) with DTT, which reduces disulfides to dithiols (26, 27) , dramatically increased the autokinase activity of the enzyme (Fig. 1A , compare lanes 2 and 3). To verify that this phenomenon was related to the thiol redox status of the enzyme, JAK2 was pretreated with o-iodosobenzoate, which oxidizes vicinal dithiols to disulfides (28) (29) (30) . Oxidative pretreatment of JAK2 resulted in the abolition of its autokinase activity (Fig. 1, compare lanes 2 and 4) . Further, the activity of DTT-pretreated enzyme was abolished by subsequent treatment with o-iodosobenzoate ( Fig. 1 , lanes 3 and 5), although a high level of autokinase activity could be restored by DTT treatment of o-iodosobenzoate-pretreated JAK2 (Fig. 1 , lanes 4 and 6). It is interesting to note that these treatments did not alter the pre-established phosphotyrosine status of the JAK2 (Fig. 1C) , leading to the conclusion that although tyrosine phosphorylation of JAK2 may be a necessary prerequisite for enzymatic activity, it alone is not sufficient. The data presented in Fig. 1 are consistent with an interpretation that the maximally activated state of JAK2 requires critical cysteine residues to be present as reduced thiols, that JAK2 is inactive when these cysteines are oxidized to disulfides, and that these two states are reversible.
Although DTT and o-iodosobenzoate may be useful reagents to ascertain the biochemistry of active and inactive states of JAK2, they do not occur in the physiological setting of the cell. NO is a physiologically relevant reagent that can oxidize vicinal dithiols to disulfides (14) . Of the nucleophilic centers available for nitrosylation in proteins, thiols are the most reactive (31) , and S-nitrosothiols can rapidly form disulfides upon interaction with a neighboring thiol or thiolate anion (15) . There is considerable debate as to whether Snitrosothiol, the candidate intermediary structure in this oxidation process, can be formed from NO alone or whether it requires an intermediate product of the NO͞O 2 reaction (32), such as N 2 O 3 (33) . Other derivatives of NO such as peroxynitrite anion (34) also possess significant dithiol oxidizing potential. Because all such mechanistic scenarios implicate NO as a common thiol oxidant, we examined whether exposure of JAK2 to NO would result in a loss of autokinase activity (Fig.  2) .
Baculovirally produced immunoprecipitated JAK2 was exposed directly to NO gas as described (16) and then assayed for autokinase activity (Fig. 2) . As the JAK2 was exposed to buffer Proc. Natl. Acad. Sci. USA 95 (1998) equilibrated with increasing amounts of NO, the autokinase activity dropped significantly (Fig. 2 A, lanes 1, 3, and 5 ). PhosphorImager (Molecular Dynamics Model SF) analysis of the intensity of these bands indicated that the autokinase activity decreased to approximately 49% and 8% of control as the nitrite content (equivalent to the initial NO content) of the buffer increased to 1.6 mM and 8 mM, respectively. More importantly, the autokinase activity could be completely restored by subsequent treatment of the samples with DTT ( Fig.  2 A, lanes 2, 4, and 6 ). The amount of JAK2 was approximately equal in all six samples ( Fig. 2 B and C) and the phosphotyrosine content of the samples before autokinase assay (Fig.  2D) was the same regardless of pretreatment conditions. These results are consistent with a model in which NO oxidizes crucial vicinal dithiols within JAK2 to disulfides (14, 16) , because the autokinase activity could be restored by retreatment with a well-defined sulfur reducing agent. The demonstration that a thiol reductant (DTT) maximizes JAK2 activity and that either NO or another thiol oxidant (o-iodosobenzoate) inhibits JAK2 activity may begin to explain a number of observations regarding both immunosuppression and lymphocyte proliferation (2, 5, (7) (8) (9) . To ascertain whether a correlation exists between the oxidative inhibition of JAK2 and proliferative response, we pretreated quiescent Ba͞F3 cells with increasing concentrations of the NO donor DEA-NO (35) . These cells were then stimulated with IL-3 and assayed for JAK2 tyrosine phosphorylation (Fig. 3A) and for proliferative response (Fig. 3B) . As the amount of DEA-NO used in the pretreatment increased, the ability of IL-3 to activate JAK2 diminished, as demonstrated by the decreased level of tyrosine phosphorylation of the immunoprecipitated JAK2 (Fig. 3A) . The decreased level of JAK2 tyrosine phosphorylation corresponded to a decrease in IL-3-stimulated proliferation as Ba͞F3 cells were pretreated with increasing amounts of DEA-NO (Fig. 3B) . Tyrosine phosphorylation of JAKs appears to be a necessary precondition for sustained catalytic competence; the catalytically competent JAKs described thus far have all been tyrosine-phosphorylated (18, 19, (37) (38) (39) (40) .
Preliminary quantitative discrimination between the viable early apoptotic, and necrotic subpopulations of DEA-NOpretreated IL-2R␤-transfected Ba͞F3 cells was obtained through fluorescence-activated cell sorting analysis done in parallel with proliferation assays (data not shown). Although their ability to proliferate in response to IL-3 had been significantly impaired, cells pretreated with 1 or 2 mM DEA-NO retained approximately 88% to 70%, respectively, of their original viability as judged by propidium iodide exclusion and a lack of surface-accessible annexin V. In contrast, the majority (approximately 90%) of cells pretreated with 5 mM DEA-NO were nonviable 18 hr after treatment whether they were incubated in the presence or absence of cytokine; such cells exhibited virtually no proliferative response to cytokine.
The high degree of structural similarity among the JAKs, particularly within the carboxyl-terminal JH1 catalytic domain, might lead one to expect that JAK2 and JAK3 respond to thiol redox reagents in a similar fashion. Moreover, most of the cellular responses involved in T cell proliferation should involve the activation of JAK3 rather than JAK2 (39, 40). We therefore examined the in vitro autokinase activity of human FIG. 2. DTT-reversible inhibition of JAK2 autokinase activity by NO. (A) Baculovirally produced immunoprecipitated JAK2 was preincubated with 10 mM DTT to maximize autophosphorylation activity, suspended in three dialysis bags in a gas scrubbing bottle, and then exposed directly to NO gas. A control sample (lanes 1 and 2) and two samples exposed to increasing amounts of NO (lanes 3 and 4 and lanes 5 and 6) were removed under nitrogen flow, as were corresponding buffer aliquots that were assayed (25) for nitrite content. The three sets of JAK2 immunoprecipitates were divided into equal aliquots. The samples were incubated with (lanes 2, 4, and 6) or without (lanes 1, 3, and 5) 10 mM DTT and then assayed for autokinase activity (19) (36) and then preincubated in IL-3-deficient medium with 0.2 mM, 1 mM, 2.5 mM, or 5 mM DEA-NO (or 5 mM diethylamine plus 10 mM NaNO2 for the 0 control) for 30 min at 37°C. Cells were recovered, washed with IL-3-deficient medium, stimulated with (ϩ) or without (Ϫ) 1 g of IL-3 per ml for 5 min at 37°C, recovered, and lysed, and the JAK2 in the lysate was immunoprecipitated with anti-JAK2 and analyzed for phosphotyrosine content as described (36) . (B) Dose-response profile of DEA-NO effect on IL-3 stimulation of Ba͞F3 cell proliferation. Quiescent Ba͞F3 cells were pretreated with various concentrations of DEA-NO and diluted to 10 6 cells per ml, and then 50-l aliquots were distributed into microtiter wells containing or lacking 0.1 g of IL-3 per ml and assayed for proliferation (24) (Fig. 4 ). Significant inhibition of JAK3 autokinase activity was observed when the enzyme was pretreated with 0.1 mM o-iodosobenzoate, and the autokinase activity was essentially abolished when pretreated with higher concentrations of oxidant (Fig. 4A, lanes 1-4) . Conversely, the JAK3 autokinase activity was increasingly stimulated when pretreated with increasing concentrations of DTT (Fig. 4A, lanes 1, 5, and 6) .
As was the case with JAK2 ( Figs. 1 and 2 ), neither oxidative nor reductive treatments appeared to alter the pre-established phosphotyrosine status of JAK3 (Fig. 4C) , emphasizing that tyrosine phosphorylation status may be a necessary, but insufficient, marker for JAK3 enzymatic activity.
To determine whether the oxidative inhibition of JAK3 can occur in a physiological setting, stably transfected Ba͞F3 cells that expressed the full-length IL-2R␤ chain (21) were made quiescent and then pretreated with increasing concentrations of DEA-NO. They then were stimulated with either IL-2 to induce tyrosine phosphorylation of JAK3 or with IL-3 to induce tyrosine phosphorylation of JAK2. As was the case with nontransfected Ba͞F3 cells, DEA-NO pretreatment significantly inhibited the ability of IL-3 to induce JAK2 tyrosine phosphorylation (Fig. 5A) . Pretreatment of the cells with DEA-NO at concentrations of 1 mM or higher blocked the induction of JAK3 tyrosine phosphorylation by IL-2 (Fig. 5C ).
DISCUSSION
In this manuscript, we have presented direct evidence for a mechanism that modulates the catalytic activity of JAKs. The reduced forms of JAK2 and JAK3 are most active, and the oxidized forms of these enzymes are inactive, as judged by autokinase assays. The oxidizing and reducing pretreatments of purified enzymes dramatically affects catalytic activity without alteration of the pre-established phosphotyrosine status of either JAK2 or JAK3, emphasizing that although tyrosine phosphorylation of the JAKs may be a necessary prerequisite for catalytic competence, it alone is insufficient.
Our results suggest that the oxidative inhibition of JAKs may contribute to the overall mechanism whereby NO and thiol oxidants inhibit proliferation in many cell lines (2, 5, (7) (8) (9) . Conversely, the enhancement of JAK activity by thiol reductants may help to explain the general requirement for thiol reductants in lymphocyte proliferation. Human peripheral blood mononuclear cells and phytohemagglutinin blasts did not proliferate in response to mitogens when cultured in thiol-free medium, and the proliferative response could be partially restored by medium supplementation with L-cysteine, 2-mercaptoethanol, or thioredoxin (2) . Similarly, thiol reducing agents such as L-cysteine, 2-mercaptoethanol, and reduced glutathione are required for IL-2-induced proliferation of human natural killer cells (5) and of human peripheral blood lymphocytes (6) . The oxidative inhibition of JAKs may explain how NO generated by activated macrophages suppresses the proliferation of splenic leukocytes (7-9), as well as provide a key molecular role for NO in tumor-induced immunosuppression (12) and in malarial immunosuppression (13) . (21) were made quiescent as described (36) and then preincubated in IL-3-deficient medium with 0.2 mM, 1 mM, 2.5 mM, or 5 mM DEA-NO (or 5 mM diethylamine plus 10 mM NaNO2 for the ''0'' control) for 30 min at 37°C. Cells were recovered, washed with IL-3-deficient medium, stimulated with (ϩ) or without (Ϫ) 1 g of IL-3 per ml for 5 min at 37°C, recovered, and lysed, and the JAK2 in the lysate was immunoprecipitated with anti-JAK2 and analyzed for phosphotyrosine content as described (36) Proc. Natl. Acad. Sci. USA 95 (1998) The correlation between JAK's thiol redox status and its activation state may help reconcile seemingly divergent physiological effects of thiol reductants. For example, thioredoxin expression is required for the interferon-␥-mediated growth arrest of HeLa cells (41) , a signaling pathway that normally induces JAK2 and JAK1 activation (37) . On the other hand, thioredoxin is highly expressed in the human T cell lymphotropic virus type I-transformed T cell lines (42) , a condition that may act in synergy with the production of IL-15 (43) to promote the constitutive activation of JAK3 observed in such cell lines (44) , which in turn can account for the IL-2-independent proliferation of T cell lines (45) . Both of these observations are consistent with a model in which an internal thiol-reducing environment maximizes the signal propagation through JAKs, regardless of whether the outcome of that signal is growth-promoting or growth-arresting.
Although we have been able to readily reverse the oxidative inhibition of JAK autokinase activity in vitro simply by retreating the enzyme with a reducing dithiol, similar attempts to restore cytokine responsiveness to DEA-NO-pretreated cells by subsequent treatment with either monothiol (reduced glutathione, N-acetylcysteine, or 2-mercaptoethanol) or dithiol (DTT or dihydrolipoic acid) reducing agents did not meet with such success. This lack of ready reversibility reflects the delicate balance of distinct intracellular and extracellular redox environments required for successful cytokine-mediated signal transduction. The extracellular environment must be oxidizing to maintain the structural integrity of cytokines, such as IL-3 (46, 47) , which exist in a structure composed of a core four-helical bundle constrained by interhelical disulfide bridges (48) (49) (50) (51) (52) (53) (54) (55) (56) (57) (58) (59) (60) (61) (62) . Further, inducible trans-receptor disulfide bridges are crucial to the biological responsiveness of several cytokine receptors, such as the receptors for IL-3 (63), IL-6, leukemia inhibitory factor, and ciliary neurotrophic factor (64) . In our attempts to reverse the in vivo consequences of oxidative stress, it appears that residual extracellular dithiols have impaired the ability of cytokines to initiate signal transduction, as confirmed by control experiments (data not shown).
When assessing the consequences of perturbation of the cytosolic redox state on signal transduction processes, one also must consider the potential contribution of many other enzymes and signal transducing proteins whose activities may be modulated by either NO (17) or thiol oxidants (1) . A classic example of such a molecule is the nuclear transcription factor NF-B, whose activation can be initiated by multiple stimuli, including oxidative stimuli and low levels of intracellular thiols (65) (66) (67) (68) . A limited list of redox-sensitive signaling molecules also includes ribonucleotide reductase (69, 70) , which is partially inactivated by NO, Fos and Jun, whose DNA binding are enhanced by sulfhydryl reduction and inhibited by sulfhydryl oxidation (68, 71) , and Ras (72), whose guanine nucleotide exchange activity is stimulated by either S-nitrosylation of Cys-118 (72) or by thiol oxidants (73) . In contrast to the JAKs, kinases such as Lck (74) and Ltk (75) are activated when oxidized, and certain mitogen-activated protein kinases are activated by NO donor compounds (76) . This differential response may be important in explaining why macrophagegenerated NO has been reported to inhibit T cell proliferation without inhibiting T cell activation (10) , as well as why NO donors inhibit proliferation of Th1-like (WEP 999), but not Th2-like (WEP 988) cells (11) . Given that kinase-defective dominant negative JAK2 expression can block the erythropoietin-mediated inhibition of apoptosis (38) , it is conceivable that the oxidative inhibition of JAKs also may be relevant to the role of thiol redox regulation in such processes as the activation of programmed cell death (3, 4) and disease progression in HIV-infected individuals (77) .
